Background: The stress-gradient hypothesis predicts a shift from facilitative to com-
lapse" under extreme abiotic stress (Bonanomi et al., 2015; Michalet, Le Bagousse-Pinguet, Maalouf, & Lortie, 2013) .
Most studies testing the stress-gradient hypothesis have been performed along elevation and/or temperature gradients (e.g. Callaway et al., 2002; Cavieres, Arroyo, Peñalozo, Molina-Montenegro, & Torres, 2002; Choler, Michalet, & Callaway, 2003; Olsen et al., 2016; Yang, Niu, Cavieres, & Sun, 2010) . We have less knowledge about the relative role of positive vs negative biotic interactions along succession gradients (but see Viejo, Arenas, Fernández, & Gómez, 2008; Verdú, Rey, Alcántara, Siles, & Valiente-Banuet, 2009; Saccone, Pagès, Girel, Brun, & Michalet, 2010) , or in glacier forelands in particular (but see Erschbamer, Niederfriniger Schlag, & Winkler, 2008; Cichini, Schwienbacher, Marcante, Seeber, & Erschbamer, 2011) . Glacier forelands provide local gradients from extreme abiotic stress, with low productivity, little soil organic content and very sparse vegetation cover close to the glacier front, to increasing productivity with increasing distance from the glacier (e.g. Bråten et al., 2012) . Primary succession is the prevailing process closest to the glacier, but the mechanisms driving primary succession processes may differ along broader, regional gradients of abiotic stress. In areas of extremely harsh physical conditions, such as in high-arctic and high-alpine glacier forelands, primary succession is controlled mainly by abiotic factors (Jones & Henry, 2003; Svoboda & Henry, 1987) . In more benign areas, on the other hand, such as in sub-arctic and lower-alpine glacier forelands, processes driving plant succession can be different (Matthews, 1978 (Matthews, , 1992 Svoboda & Henry, 1987) , and more influenced by plant-plant interactions, in line with the shifting limitations hypothesis (Foster et al., 2004; Michalet et al., 2006) . Cushion plants are known to be potential facilitators for other species in alpine environments (e.g. Antonsson, Björk, & Molau, 2009; Arroyo, Cavieres, Peñalozo, & Arroyo-Kalin, 2003; Cavieres, Badano, Sierra-Almeida, Gómez-González, & Molina-Montenegro, 2006; Cavieres, Quiroz, & Molina-Montenegro, 2008; Cavieres et al., 2002; Quiroz, Badano, & Cavieres, 2009; Reid, Lamarque, & Lortie, 2010) .
Their distinctive growth form can function as a heat trap, with temperatures considerably higher inside cushions than in the surrounding air (Arroyo et al., 2003; Gauslaa, 1984; Körner, 2003) . But see Cavieres, Badano, Sierra-Almeida, Molina-Montenegro, and Marco (2007) , where cushions did not increase substrate temperature. Plant cushions can also store moisture and nutrients (Körner, 2003) , which may become available to other species. Silene acaulis (L.) Jacq. is a widely distributed circumpolar cushion plant, and an early pioneer in primary succession that can facilitate recruitment, growth and survival of other species (Antonsson et al., 2009; Bonanomi et al., 2015; Molenda, Reid, & Lortie, 2012) .
In our study, we examine if S. acaulis cushions modify the abiotic environment, facilitate individual species performance, and plant community recruitment, fertility and species richness, close to a glacier front at alpine Finse, southern Norway, or if facilitation is collapsing in this extreme environment, as predicted by the shifting limitations hypothesis (Foster et al., 2004; Michalet et al., 2006 Michalet et al., , 2013 . Furthermore, we examine if there is a positive relationship between S. acaulis and other species along the succession gradient of the glacier foreland, and if there is a shift towards more negative outcomes when the abiotic stress decreases with increasing distance to the glacier, in line with the stress-gradient hypothesis. More specifically, we ask whether: (1) temperature, soil moisture, pH and organic content differ between S. acaulis cushion and control plots; (2) individuals of a common alpine forb (Bistorta vivipara) perform differently in cushions and control plots; (3) the number of vascular plant species, bryophytes, lichens and the number of seedlings and fertility of vascular plants differ between cushion and control plots; and (4) the difference in abiotic variables and species performance and richness between S. acaulis and control plots shift along the stress-gradient in the glacier foreland?
| METHODS

| Study area
The study was conducted at Finse, at the Hardangervidda mountain plateau, southern Norway (Appendix S1). The climate at Finse is weakly oceanic, with intermediate amounts of snow (Moen, 1998) . gradient, suggesting facilitation at the community level. We found no collapse of facilitation at the most stressful end of the gradient in this alpine glacier foreland.
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Annual mean temperature is −2.1°C, with a mean monthly temperature of −10.1°C in Jan and 7.0°C in Jul, and mean annual precipitation is 1,030 mm (Norwegian Meteorological Institute 2013). The study area is located between the glacier tongue Midtdalsbreen and the lake Finsevatnet (Appendix S1). The bedrock consists of medium to coarse-grained granite, with a thin cover of moraine in the southern part (Geological Survey of Norway 2013). Midtdalsbreen has been receding since AD 1750, the end of the Little Ice Age (Dahl & Nesje, 1997) , exposing a glacier foreland with moraines of varying ages.
Silene acaulis is a perennial cushion plant with a height of 2-8 cm (Mossberg, Stenberg, & Ericsson, 1995) . Individuals selected for this study had a maximum height of approximately 5 cm. Cushions are compact, with a single taproot. S. acaulis thrives on dry or moist calcareous soil in alpine and arctic areas, and has a circumpolar distribution (Lid & Lid, 1994) . It can survive temperatures from −80 to 60°C (Larcher, Kainmüller, & Wagner, 2010) , and the cushions have remarkable heat trapping abilities, with leaf temperature being higher than air temperature (Neuner, Buchner, & Braun, 2000 ; see also Bonanomi et al., 2015) .
| Study design
We collected field data during Jul 2012. An approximately 1,400-m long transect was established in the glacier foreland (Appendix S1). closest to the glacier, vegetation is scarce, with gravel dominating the ground (Appendix S1), whereas vegetation becomes denser and taller moving away from the glacier (Hågvar et al., 2009; Sørlie, 2001 ).
We established six paired plots at each site. Each pair consisted of a cushion of S. acaulis and a control plot of the same size, but without S. acaulis present. This gives a total of 60 plots (30 cushions and 30 control plots). Only cushions with a minimum diameter of 10 cm and an approximately circular shape were chosen (see Antonsson et al., 2009 ).
Control plots were located 2 m east of its paired cushion. If a control plot contained more than 10% bare rock, the plot was moved to the closest suitable position. To determine the size and shape of the control plots, we used a soft steel wire that was bent around the S. acaulis cushion to make an outline of similar size and shape (Antonsson et al., 2009; Cavieres et al., 2002) . The wire was then placed at the position of the control plot to mark the outline of the plot. To find the circumferences of the plot we stretched the metal wire and measured it. We also measured the distance across the cushion at the widest point, hereafter referred to as diameter.
To examine whether S. acaulis has an impact on the performance of individual species, we selected the frequently occurring Bistorta vivipara as a target species. We measured size parameters of up to three B. vivipara individuals per plot. For each individual we counted the number of leaves, and measured the length and width of the longest leaf and the length of the leaf stalk. To examine whether S. acaulis has an impact on plant community species recruitment, fertility and richness, we conducted vegetation analyses in all cushions and control plots. For vascular plants we recorded the number of seedlings, number of fertile species (visible buds, flowers or seeds) and the presence of all species except S. acaulis. For bryophytes and lichens we recorded the presence of species only.
To examine whether there were differences in the abiotic environment between S. acaulis cushions and control plots along the gradient, we measured temperature and collected soil samples for soil moisture, pH and organic content analyses. To examine whether temperature inside cushions differed from outside, we used Tiny Tag temperature loggers (Intab Interface-Teknik AB, Sweden). Two loggers were placed at each site, one in a S. acaulis cushion and one outside (in total ten loggers, five inside S. acaulis and five outside). For the S. acaulis plots, a probe connected to the logger was inserted into the cushion in order to measure the temperature within it. Loggers outside S. acaulis were placed, with sensors protected from sunlight, on bare ground, measuring air temperature approximately 2 cm above ground. Temperature was logged every hour from 30 Jul to 19 Sept. One logger stopped recording on the second day, and data from this logger could not be used.
Soil samples were taken from all plots after the vegetation analyses. In cushion plots, we removed the plant and collected the soil sample beneath it. In control plots, we removed the top layer of the vegetation, litter, exposed soil and stones, and collected the sample beneath it. We collected all samples during the same day, in dry weather, and froze them immediately.
| Soil analyses
From all soil samples, we selected a representative subsample, avoiding larger stones. Subsamples were weighed and dried at 105°C for 16 hr. We re-weighed the dry subsamples and calculated soil moisture (%) as the weight difference between the wet and the dry sample. The remaining material (after taking the subsamples) was dried for 16 hr at 70°C. Dried samples were sifted through a 2-mm sieve. Parts of each dried sample were saved for pH measurements, the rest were dried at 105°C for 16 hr. We weighed all dry samples before burning them at 550°C for 3 hr, reweighed them and calculated loss on ignition (LOI, ((dried material -burned material)/dried material) × 100). We measured pH with a calibrated WTW inoLab pH 720 from 10 ml dried and sifted material mixed with 25 ml distilled water, 16 hr after mixing.
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| Statistical analyses
We used GLMMs to examine whether there was a relationship between S. acaulis cushion size and distance to the glacier, since cushion size may affect the number of species recorded (Pyšek & Liška, 1991) .
We used circumference and diameter as response variables and distance to the glacier (m) as fixed variable in separate analyses. To account for variation between sites, we included random intercepts for site. p-Values were calculated based on Satterthwaite's approximation. The diameter and circumference of S. acaulis cushions did not change along the gradient (diameter: coef = −0.30; p = .26; circumference: −1.0, p = .32), suggesting that the size and shape of the cushions are relatively constant (Appendix S2).
We used GLMMs to test whether the number of leaves, leaf length, leaf width and leaf stalk length of B. vivipara, species richness of vascular plants, lichens and bryophytes, and number of seedlings and fertile vascular species differed between cushion and control plots along the gradient. Type of plot (cushion or control), distance to glacier (m) and their interaction were used as fixed variables. To account for variation between plot pairs, we included random intercepts for pair nested in site. As several B. vivipara individuals were sampled from each plot, these models were fitted with random intercepts for plot nested in pair and site. The appropriate model structure for fixed effects were found using likelihood ratio tests in a step-wise backward selection procedure. We assumed a Poisson error distribution for all models except for the length and width of B. vivipara leaves and leaf stalk, for which we assumed a Gaussian error distribution. We used GLMMs to test whether daily mean, minimum and maximum temperature differed between cushion and control plots along the gradient. Type of plot (cushion or control), distance to glacier (m) and their interaction were used as fixed variables. To account for repeated measures on the same plot, all models were fitted with dayspecific random intercepts. The appropriate model structures for fixed effects were found using likelihood ratio tests in a step-wise backward selection procedure. p-Values were calculated based on Satterthwaite's approximation.
Soil pH, loss on ignition (LOI) and soil moisture were not normally distributed and did not respond well to transformation. We therefore used non-parametric tests to examine whether soil properties differed between cushion and control plots and along the gradient. We used Mann-Whitney U tests to test whether pH, LOI (%) and soil moisture (%) differed between cushion and control plots. To examine how soil properties changed along the gradient, we used Spearman's rank correlation test to test whether there was a correlation between the soil variables and distance to the glacier (m).
All statistical analyses were conducted in R v 3.1.2 (R Core Foundation for Statistical Computing, Vienna, AT) using the package
| RESULTS
| Bistorta vivipara performance
Bistorta vivipara occurred in 37 of 60 plots. Of the 37 plots, 27 had three or more individuals present, with a maximum of 49 individuals in a single plot. In one site, only one plot contained B. vivipara. GLMMs showed that B. vivipara leaves were significantly bigger (including leaf width and leaf stalk length) in S. acaulis cushions compared to control plots (Table 1, Figure 1c,d) . However, a significant interaction with distance from glacier for leaf width (Table 1, Figure 1c) , and similar trends for the other leaf traits (Figure 1a,b,d ), showed that this was the case only close to the glacier (Figure 1c) . Leaf stalks were longer in S. acaulis cushions regardless of distance from the glacier, and leaf length and leaf stalk length increased with distance from the glacier 
| Species richness
In total 34 vascular species were recorded (minimum one and maximum ten per plot; see Appendix S4 for a full list). Four vascular species occurred in cushion plots only (Rhodiola rosea, Diphasiastrum alpinum, Salix reticulata, Thalictrum alpinum). Potentilla crantzii was the only vascular species found only in control plots. Seedlings were only found in the three sites closest to the glacier. In total we recorded 15 (all in controls), 22 (five in controls, 17 in cushions) and three (two in controls, one in cushions) seedlings at 220 m, 760 m and 1,120 m distance from the glacier, respectively. Lichens and bryophytes had a minimum of 0, and one and a maximum of ten and seven species in a plot, respectively.
The GLMM showed that although there were slightly more vascular species inside S. acaulis cushions along the succession gradient (Figure 2a) , there was no significant difference in vascular species richness between cushions and control plots (Table 1, Appendix S3).
In general, vascular plant species richness decreased with increasing distance from the glacier (Table 1, Figure 2a ).
In contrast, the number of fertile vascular species increased with increasing distance to the glacier, with an interaction suggesting a higher number of fertile species in the cushions than in the control plots closest to the glacier (Table 1, Figure 2b , Appendix S3). However, as the total number of fertile species was low (on average 1.4 per plot), these results should be interpreted with care. The number of lichen species increased with distance from the glacier, and was higher in control plots than in S. acaulis cushion plots, suggesting competitive interactions along the whole gradient (Table 1, Figure 2c , Appendix S3). The number of bryophytes also increased with distance from the glacier (Table 1) , but although species richness appeared to be higher in control plots, indicating competition from S. acaulis closer to the glacier (Figure 2d , Appendix S3), this was not significant (Table 1) .
| Environmental variables
The highest temperature measured was 40.6°C air temperature in the control plots and 24.6°C inside the S. acaulis cushions, whereas the lowest temperature was −3.1°C in the control plots and −0.7°C in the cushions. The GLMM showed that mean daily temperature was higher in the S. acaulis cushions compared to the control plots closest to the glacier front, but a significant interaction shows a shift, with higher temperature outside cushions when distance to the glacier increased (Table 2, Figure 3a) . A similar pattern, but with a more pronounced warming effect of the cushions, was found for daily minimum temperature (Table 2, Figure 3b) . Interestingly, daily maximum temperature was lower in the cushions compared to the control plots, and with a larger difference when moving away from the glacier (Table 2, Figure 3c ). Both daily mean, minimum and maximum temperature increased with increasing distance from the glacier (Table 2, Figure 3a -c).
Mann-Whitney U tests showed that there were no significant differences in soil properties between S. acaulis cushion and control plots (p > .05 for all tests, Appendix S5), whereas Spearman rank correlation tests showed significant changes in all soil variables along the gradient (p < .001 for all tests), with pH decreasing and LOI and soil moisture increasing with distance from the glacier (Appendix S5).
| DISCUSSION
Our findings from a succession gradient in a glacier foreland support the stress-gradient hypothesis for the relationship between the cushion plant S. acaulis and the performance of the common alpine forb B. vivipara. Leaves of B. vivipara were bigger in S. acaulis cushions compared to control plots in the physically harsh environment close to the glacier, with the same tendency for all of the other size traits measured, indicating facilitation by S. acaulis. When moving away from the glacier and into more benign environmental conditions, there was no difference in leaf size traits between inside and outside cushions, indicating a shift from facilitative to neutral interactions with decreasing abiotic stress. We found no signs of facilitation collapse at the most extreme end of the gradient closest to the glacier front.
Our measurements of abiotic variables show that the succession gradient is also a temperature gradient, with higher mean, minimum and maximum temperatures with increasing distance to the glacier. Soil pH decreased, whereas soil organic content, soil moisture and species richness of bryophytes and lichens increased with increasing distance to the glacier, in line with the predictions of vegetation succession in a glacier foreland (Matthews, 1978 (Matthews, , 1992 . Vascular species richness decreased with increasing distance from the glacier, most likely due to small plot size (diameter between 12 and 37 cm). As environmental conditions improve along the gradient, individuals of common species, such as Empetrum nigrum, Vaccinium vitis-idaea and Salix species grow T A B L E 1 GLMM coefficients ± SE and significance values of the relationship between S. acaulis cushions vs control plots, distance to the glacier and their interaction on number of B. vivipara leaves, leaf length, leaf width and leaf stalk length, vascular plant species richness, number of fertile vascular plants, lichen and bryophyte species richness along a succession gradient in a glacier foreland at Finse, southern Norway. Distance/100 was used in all analyses to keep variables at the same scale. ***p < .001; **p < .01; *p < .05. Non-significant variables were removed during model selection ( For the plant community in the glacier foreland at Finse, there was a non-significant tendency towards a higher number of vascular species in cushions than in control plots, and we found more fertile vascular plant species in cushions compared to control plots along the whole gradient. Furthermore, four vascular species occurred only inside S. acaulis cushions and never in the surrounding control plots.
Although these were recorded in only one or two samples, this might indicate an addition of these four species to the community due to the presence of S. acaulis. Together, these results suggest communitylevel facilitation by S. acaulis along the succession gradient, in line with studies along elevation gradients Cavieres et al., 2002 Cavieres et al., , 2015 Molenda et al., 2012) . In the sub-arctic Scandes, S. acaulis increased species richness at high elevations, but not at lower elevations (Antonsson et al., 2009) , and in the Himalayas, positive interactions between the cushion plant Arenaria polythrichoides and other species were stronger at 4,700 m a.s.l. than at 4,500 m a.s.l. (Yang et al., 2010) , suggesting a shift from positive to neutral interactions towards warmer sites. The cushion effect on species richness was weaker than the effect on B. vivipara in our study. Furthermore, protection from herbivores or improved pollination (Callaway, 1995) .
The facilitative effect of Arenaria polythrichoides in the Himalayas was explained by higher levels of nutrients inside compared to outside cushions, and as this difference increased with elevation, facilitation effects also increased (Yang et al., 2010) . Cushion plants have also been shown to increase alpine soil moisture and fertility (Anthelme, Buendia, Mazoyer, & Dangles, 2012; Chen et al., 2015; Malatesta, Tardella, Piermarteri, & Catorci, 2016; Schöb, Armas, Guler, Prieto, & Pugnaire, 2013; Schöb, Butterfield, & Pugnaire, 2012) . Along the succession gradient at Finse, there were no differences in pH, organic content or soil moisture between S. acaulis cushions and control plots. On the other hand, S. acaulis seemed to buffer extreme temperatures, as also suggested as the causal mechanism of facilitation by S. acaulis in Canada (Molenda et al., 2012) and Laretia acaulis and Azorella monantha Cavieres et al., 2008) higher inside compared to outside cushions, also suggesting more benign conditions for plant growth in S. acaulis cushions.
The shifting limitations hypothesis (Foster et al., 2004; Michalet et al., 2006) and more recent studies (e.g. Bonanomi et al., 2015; Holmgren & Scheffer, 2010) predict abiotic factors to be more important, and facilitation to collapse (Michalet et al., 2013) cies. This is in line with other studies rejecting the hypothesis of a facilitation collapse at very high stress levels Pugnaire, Zhang, Li, & Luo, 2015) . It can be, however, that our primary succession site in the low alpine is not stressful enough to result in a collapse of facilitative interactions, even if situated close to a glacier front.
The size and morphological traits of the facilitator may also change along stress gradients, which can play a role for interactions with other species (Bonanomi et al., 2015; Pyšek & Liška, 1991; Schöb et al., 2013; Yang, Chen, Schöb, & Sun, 2017) . Bigger cushions provide more space, environmental heterogeneity and nutrients available for other species (Yang et al., 2017) . Furthermore, Bonanomi et al. (2015) found that more tightly knit and dome-shaped S. acaulis cushions at the most stressful end of an elevation gradient were more efficient heat traps, and thus better facilitators, than softer and flatter cushions at lower elevations.
In our study, the size of the S. acaulis cushions was constant along the glacier foreland gradient, but cushions tended to be more compact closest to the glacier (Appendix S1, personal obseration), indicating greater potential for facilitation than further down the succession gradient.
We show that the stress-gradient hypothesis is applicable along a primary succession gradient in an alpine glacier foreland. Moreover, we suggest that plant-plant facilitation is an important process in primary succession, as predicted by Connell and Slatyer (1977) . This is in line with studies from other succession systems (Saccone et al., 2010; Verdú et al., 2009; Viejo et al., 2008) showing that facilitation plays an important role, and needs to be taken into account in succession models and theory.
